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NOTATION

BTF Blade thickness fraction

Cp Power coefficient ( s

8 a//

CT Thrust coefficient T

Ca Pitch correction coefficient

D Propeller diameter

E A R Expanded area ratio

g Acceleration due to gravity

H Atmospheric pressure plus submergence pressure at
0.7 section minus the cav,.t• pressure

J Speed coefficient ( a\

I Chord length

10.7 Chord length at 0.7 radius

n Revolutions per unit time

P Shaft horsepower

P/D Pitch ratio along the radius for finite cavitation numbers

R Maximum propeller radius
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RVV2 + 0.77nDni

Re Reynolds number I a

r Radius of any propeller blade section

S Maximum compressive stress

T Thrust

t Section thickness

t max Maximum section thickness along the radius x

V a Speed of advance

(Vr) 0.7 Inflow velocity to section at 0.7 radius

X Nondimensional radius (iR)

Xh Nondimensional radius at the hub

X1 Fractional distance along the chord measured from the
leading edge

y Pressure face ordinate

Ymax Maximum pressure face ordinate along the radius X

Z Number of blades

A(P/D) Pitch correction coefficient

Propeller efficiency 0 Tý

Kinematic viscosity

P Density of fluid

0.7 Cavitation number at 0.7 radius 2gH 2 2gHJ 2  -]
(V 2 (1 2 + 4.84)
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ABSTRACT

This report presents theoretically derived series of
2-bladed supercavitating propellers with expanded area
ratios of 0.3, 0.4, and 0.5; 3-bladed propellers with
expanded area ratios of 0.4, 0.5, and 0.6; and 4-bladed
propellers with expanded area ratios of 0.5, 0.6, and
0.7. These propellers have a specified radial distri-
bution of the section chord and a hub radius of 0.2 of
the propeller radius. The series data are plotted in
the form of nondimensional coefficients so that the
performance of the propellers can be easily predicted
and a complete design obtained if desired.

INTRODUCTION

Supercavitating (SC) propellers, which have fully developed

cavitation on the suction side (back) of their blades, are of interest

to naval architects since conventional propellers experience an un-

predictable performance breakdown, because of cavitation, when operated

at very high speeds.

This report presents series data which can be used to predict

the performance of SC propellers. Since an experimental series it

costly and time-consuming, a theoretical series is of great value, if

only in a qualitative way. The series presented can be compared with

experimental results112)3 of propellers designed usint, this method. It

is apparent that there is some dcviation from the experimental values,

but this difference is not unreasoaable compared to propellers design

from experimentally derived subcavitating series.

A 3-bladed supercavitating propeller series with an expanded

area ratio of 0.5 has already been derived at the Taylor Model Basin. 4

Since the ultimate aim of a designer is to obtain the best propeller for

a given craft, there is need for a method of predicting the performance

of SC propellers due to variations in number of blades and expanded

ratio. The choice of the number of blades and expanded area ratio is

iReferences are listed on page 12.



important in designing propellers since the propeller stress is

dependent on these parameters. because the propeller stress is directly

related to the loading of SC propellers, which have sections that are

usually thin and highly stressed, the choice of these parameters is

invaluable.

In addition to stress considerations, the choice of number

of blades and expanded area ratio is also important since it has been

determined that any type of SC section operating at a given angle of

attack has an optimum point, i.e., a minimum drag-lift ratio, which

occurs at a specific lift coefficient. 5  This means that the blade chord

becomes important in deriving the most efficient propeller.

This report presents a series of 2-, 3-, and 4-bladed SC

propellers having various expanded area ratios. The results are

plotted in a series of diagrams in the form of nondimensional co-

efficients which can be used to predict the performance and character-

istics of SC propellers.

METHOD OF APPROACH

The series charts presented here were derived by first designing

a nunber of 2-, 3-, and 4-bladed SC propellers for zero cavitation

number operating in uniform flow. Each propeller had a hub radius of

0.2 of the propeller radius. The Reynolds numbers used for calculating

the section drag varied from 7.2 x 106 to 7.7 x 107 which corresponds to

propellers having a diameter of 3 feet and operating at a speed of ad-

vance of 60 knots. It should be noted that these propellers were designed

for the same diameter, speed of advance, speed coefficients, and non-

viscous thrust coefficients as those propellers designed to derive the

series presented in Reference 3, i.e., the speed coefficients covered a

range from 0.3142 to 1.5708 and the nonviscous thrust coefficients

covered a range fromi 0.15 to 4.0.

Like the series derived in Reference 4, the nonviscous thrust

and power coefficients, ideal efficiency, and hydrodynamic pitch

distribution for each of the series of 2-, 3-, and 4-bladed SC propel!-rz

were computed ising Lerbst moderately loaded propeller theory.6 This

Swerecompted ~sin



propeller theory hc9 been programmed for the high-speed computers at the

Model Basin.
7

Once the above calculations were obtained, the next step was to

determine the viscous corrections that must be applied to these nonviscous

calculations, using the method given in Reference 1. In order to make

these calculations, it was necessary to know the vclues of the section

drag-lift ratio, which is dependent mainly on the section lift coefficient

and angle of attack. Table 1 gives the radial distribution of the section

chord for each series. From these values, the viscous thrust and power

coefficients and propeller efficiency were calculated for each propeller.

The next step was to calculate the propeller pitch distribution

for nonzero as well as zero cavitation numbers, using the method given

in Reference 1. Since the amount of cavitation changes the th1rust and

power of a propeller, this effect must be compensated for by a corresponding

change in the propeller pitch. This was obtained by calculating the

pitch of each propeller at cavitation numbers ranging from 0 to 0.205

and comparing the results with the pitch calculated for zero cavitation

number.

The section ordinates of the "TMB Modified Tulin Section,"

used on these propellers, were calculated next. The camber line of this

type section is the pressure side (face) of the foil, and the th..ckness

is applied between the camber line and the free-stream line. The camber

and thickness ordinates were calculated using the method presented in

Reference 1. The blade thickness fraction (BTF) was also calculated for

each propeller in order to compute the nominal stress at the blade root of

these propellers b) a simplified method derived from Reference 8.

PRESENTATION OF DIAGRAMS

Most of the diagrams presented here are designated by a number

and letter. The number indicates the propeller parameter and the letter

indicates the rumber of blades and the expanded area ratio (EAR) of the

propeller. The letters a, b, and c represent 2-bladed propellers having

expanded area ratios of 0.3, 0.4, and 0.5, respectively; the letters

d, e, and f represent 3-bladed prmpellers having expanded area rat'.-'- of

3
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0.4, 0.5, and 0.6, respectively; and the letters gj h., and i represent

4-bladed propellers having expanded area ratios of 0.5, 0.6, and 0.7,

respectively. It should be noted that the 3.-bladed series diagrams

presented in Reference 4 are also presented here.

The propeller efficiency contours q and the pitch ratio

calculated at 0.7 radius for zero cavitation number P/D0 are presented

in Appendix A, Figures la through li, as a function of the thrust co-

efficient /C_ and the speed coefficient J and in Appendix B, Figures 2aT
through 2i, as a function of the power coefficient AC-/and J. The

P
solid efficiency contours in these diagrams indicate the region where

the section-lift coefficient is between 0.0548 and 0.2 and the section

angle of attack is 2 degrees. The dashed portion below the solid

efficiency contours represents the region where the section-lift co-

efficient is less than 0.0548, resulting in flat-face section-, having

angles of attack less than 2 degrees. This area should be avoided because

face cavitation is likely to occur on SC sections operating at these small

angles. The dashed portion above the solid efficint contours re-

presents the approximate area where the section-lift coefficient is

greater than 0.2 and the angle of attack greater than 2 degrees. In

this region, the cavities become thick and section loading high, and the.

theoretical results may be in question. Also included in these diagrams

are maximum efficiency curves for obtaining the optimum rpm or diameter D.

The thrust coefficient CT, power coefficient C., speed co-

efficient J and propeller efficiency q presented in Figures la through

2i were calculated using the following equations:

Vý _ T 2[2(1

P- f D2V2

8 a

550Ps

- I=D [2]
rp ~ _P T D 2V 3[2

8 a

V [3]

nD

5



and

CT 1

where T is the propeller thrust,

Ps is the shaft horsepower,

P is the density of the fluid,

D is the propeller diameter,

Va is the speed of advance, and

n is the revolutions per unit time.

The propeller blade thickness fractions (BTF) derived for these

propellers are presented next in Appendix C, Figures 3a through 3i, as a

function of C and J so the propeller stress can be calculated. An

approximate method for calculating the maximum compressive stress at the

blade root derived from Reference 8 is

i. 9 5 PUT Va 2
s C = [51

Z (BTF)
2

where BTF is the blade thickness fraction given in Appendix C.

As mentioned above, Appendices A and B give the pitch ratio

calculated at 0.7 radius for zero cavitation number P/Dj Since there is a

change in thrust and power of a propeller due to cavitation, a corre-

sponding change in this pitch must be made to offset the variation in

thrust or power. This change in P/D°0 due to zero cavitation numbers

(A(P/D)Ca) is presented in Appendix D, Figures 4 through 4i. The

parameter CG is plotted in Figure 4 as a function of the section

caritation number at the 0.7 radius (aO. 7 ) only, wheie

0.07 z 2gH J2

V 2 (j 2 + 4;84) [6]
a

axid where H is the atmospheric pressure plus the submergence pressure at

0.7 section minus the cavity pressur., and g is the acceleration due to

gravity. The other parameter A (P/D) derived for these propellers is also

presented in Appendix D, Figures 4a through 4i, as a function of v/T and J.

6



The final pitch ratio at 0.7 radius for propellers operating

at various cavitation numbers (P/D)0. 7 can be obtained from the equation

(P/D) 0 . 7 = P/D° - A(P/D)C [7]

where C is the pitch correction coefficient from Figure 4 of Appendix D

and A P/D is the pitch correction coefficient from Figures 4a through 4i

of Appendix D. The radial distribution of (P/D) 0 . 7 is presented in Table

2.

The section ordinates at various radii for the propellers are

presented in Appendices E and F. The maximum face ordinates are presented

in Appendix E. Figures 5a through 8i. and the maximum thickness ordinates

are presented in Appendix F, Figures 9a through 12i. as a function of

v/•T and J.

A replot of the maximum efficiency curves given in Appendix A is

presented in Figures 13 through 20 to show the relationship of number of

blades and expanded area ratio to optimum rpm and diameter. The incon-

sistency in these diagrams is undoubtedly due to the method of fairing

used as the curves were not cross-faired on the basis of number of blades

nor expanded area ratio. They do indicate, however, the trend with

varying number of blades and expanded area ratio.

USE OF DIAGRAMS

For a design based on thrust T, the propeller efficiency I and

the 0.7 radius pitch for zero cavitation number P/D 0 can be obtained from

Appendix A, Figures !a through li, depending on the number of blades and

expanded ar2a ratio, once ;he thrust coefficient /CT a•.d speed coefficient

J are obtained. Similarily, for a design based on shaft horsepower P
S

values of ý and P/D 0 can be obtained from Appendix B, Figures 2a through
2i, once the power coefficient %/Cv and J are obtained. Equations [1],

P
[21, and [3] can be used to calculate %/TC AC Pý and J, respectively.

Figures presented in Appendices A and B cal also be used to

obtain the optimum rpm or diameter D for a given thrust or power. The

optimum rpm for a given diameter is obtained by plotting ¢ T or ¢•p on

the maximum efficiency line for a given CT or CP ki these figures. This

point represents the J that gives the optimum rpm for a given diameter,

7



and using this J value, the optimum rpm can be calculated using Equation

[3 ]. The optimum diameter D for a given rpm is obtained by assuming a

diameter and plotting the calculated -J and /T or /p on the figures

presented in Appendices A and B. The J obtained at the intersection of

a st aight line drawn from the origin of the diagram through this point

and the line of maximum efficiency for a given CT/J 2 or Cp/J 2 represents

the J that gives the optimum diameter for a given rpm. Using this J, the

optimum diameter D can be calculated using Equation [3).

It should be noted at this point that if the design being

considered is based on shaft horsepower, the corresponding CT must be

calculated since the remaining design diagrams are presented as a

function of VT and J. This value of CT can be calculated using Equation

[4) once I and Cp are obtained from Appendix B for the propeller based

on power.

The approximate maximum compressive stress of the propeller

can be calculated using Equation [5) where the blade thickness fraction

(BTF) is obtained from Appendix C, Figures 3a through 3i. The final

pitch ratio for the propeller at the 0.7 radius for any cavitation number

(P/D)0. 7 is calculated using Equation [7) where P/D0 is obtained from

Appendix A or B. Cc is given in Appendix D, Figure 4, as a function of

'0.7 which is calculated using Equation [6]; and A(P/D) is given in

Appendix D, Figures 4a through 4i. The radial pitch distribution for

this propeller is then obtained from Table 2.

The section shape for these propellers can be obtained from

Appendix E which gives the maximum face ordinates (y/l)max and Appendix F

which gives the maximum thickness ordinates (t/l)max at various radii.

Once these ordinates are obtained, faired curves are then drawn to obtain

values for (y/l)max and (t/l)max at other radii where from theory,

(Y/l)max is zero at the hub and tip. Table 1 gives the section chord

lengths I chosen for these propellers. Thus, once ymax and t. aremax max
obtained, the chordwise distribution of the ordinates y and t can be

obtained using the distribution given in Table 3. The method of

completing the design of a SC propeller, using this series, is identical

to the method presented in the Appendix of Reference 3.



TABIE 2

Coefficients for Obtaining Radial Distribution of Pitch

P/D
(P/D) 0 .7

0.2 0.974

0.3 0.979

0.4 0.984

0.5 0.990

0.6 0.995

0.7 1.0

0.8 1.006

0.9 1.011

0.95 1.011

1.0 1.010

9
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CONCLUSION

Theoretical results have been presented for 2-bladed SC

propellers having expanded area ratios of 0.3, 0.4, and 0.5; for 3-bladed

SC propellers having expanded area ratios of 0.4, 0.5, and 0.6, and for

4-bladed SC propellers having expanded area ratios of 0.5, 0.6, and 0.7.

This theoretical series should be of great value, if only in a qualitative

way, in predicting the performance of SC propellers due to variations in

number of blades and expanded area ratio.

Caution must be exercised in using these results in any but a

qualitative way. This is especially true for designs which deviate too

much from the optimum efficiency curves. Experimental results indicate

that, as would be expected, there is more of a variation from the theoretical

results than for subcavitating propellers. The theory used is the beut

available for such propellers, but questions arise as to the validity of

the lifting surface corrections used as well as the lift and drag

characteristics available for SC sections. These questionable areas

should not detract from the usefulness of the series presented since

the relative characteristics of different propellers would be expected

to change little.

ACKNOLEDGMENT

The author wishes to thank Max. H. Morris, Inc. for their help

in preparing the data for publication.

ll



REFERENCES

1. Tachmindji, A. J. and Morgan, W. B., "The Design and Estimated

Performance of a Series of Supercavitating Propellers," Presented at the

Second Symposium on Naval Hydrodynamics (Aug 1958).

2. Venning, E. Jr. and Haberman, W. L., "Supercavitating

Propeller Performance," Presented at the 1962 Annual Meeting of the

Society of Naval. Architects and Marine Engineers.

3. Hecker, R., "Experimental Performance of TMB SC Propellers,"

David Taylor Model Basin Report 1432 (in preparation).

4. Caster, E. B., "TMB 3-Bladed supercavitating Propeller

Series," David Taylor Model Basin Report 1245 (Aug 1959).

5. Morgan, W. B., "Optimum Supercavitating Sections," Da'rid

Taylor Model Basin Report C-856 (Aug 1957).

6. Lerbs, H. W., "Moderately Loaded Propellers with a Finite

Number of Blades and an Arbitrary Distribution of Circulation," Trans-

actions, Society of Naval Architects and Marine Engineers (1952).

7. Hecker, R., "Manual for Preparing and Interpreting Data of

Propeller Problems 1hich Are Programmed for High-Speed Computers at the

David Taylor Model Basin," David Taylor Model Basin Report 1244 (Aug 1959).

8. Morgan, W. B., "Centroid and Moment of Inertia of a

Supercavitating Section," David Taylor Model Basin Report 1193 (Aug 1957).

12



APPENDIX A

CT-J DIAGRAMS FOR TMB SC PROPELLER SERIES

13



"I MIC

- 4- 2

t t0

- .,% -- .2 4- - -- - - - -- -i__- -'

0- 0 0 0 0 0

C ~ ,*14



4- 1 
0Iii __ _i

~oaf)IONW -o

-t-0 ,-.-I
___ ~ wi~-r)

S- ~ dj~/d60

------------------
ill g!0

, bI I A- + 11,.

'1 0

C ~ I/e,(

7c te9 . 0.l

--1 -.- L-f.D U

15



- oJ

-00000 QO

- - -- - - - - - - - - - - - \ ý III 0

co~

0 --- --- v-- A Ill 4A

El; -
U)iI~'L -- / qK

,4 C4 -.

-[ 1! 0. ~0

II - /-

'co 0

02 cn' P0-

E

00

(D* ~ ~ ) CJ 0 D If ON

16



- -. 0

L. o-

w (0

I f f -

14 Al Y / .4 --j 7 -4

0

050

000
ca 09-1-

o'o

.00

4117



I -0

-- - -4404

AiI A Iif"

II]I0!1 ad il

- - - ~0 1 1 ~

I-a--

06

AftA

u d8



0

co~

U0)

0

i/il~~ ~~ IIN, II~- q
-- C' 0 - --

al m i!lI
0 - - CL'

- - -0./ /

,N

U6

- ~ 0

0
r74

-I-I- _ ~ '0

0 0 - 0

19



-.a Ijl (ODU*

I ~ li_1Alia

/I I fl
-- uI~'.r.1 044

li I.~? 7

-
f/- "0-'2 / _ _#1_ý)AA

oe - 0-

?'~ '-'

.2-2 o -- - f

0 f24



SIID

1 1 R/ II I H.i LO

IZ[A 49
Y) &Iz I

- M-

I',

10(n

b35

A 0 o

c2



fF 0

-~~~~~ -Vt 1-ltv-- -t- I- I .

f CD *----I-- ~~U~C ~7-

7- -7 7

0 1 oc;

-- - -- - - -- ----- CL- -D

C- - - - - - - - - -;7- -f 0) c

u j- (II 0)
40- 4-

Lnv

-1 ~i 0

_ L - -

o -- -~22



APPENDIX B

Cp.J DIAGRAMS FOR TMB SC PROPELLER SERIES
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PITCH CORRECTION COEFFICIENTS FOR TMB SC PROPELLER SERIES
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APPENDIX E

MAXIMUM FACE ORDINATES AT 0.3, 0.5, 0.7, AND 0.9 RADIUS FOR
TMB SC PROPELLER SERIES
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APPENDIX F

MAXIMUM THICKNESS ORDINATES AT 0.2, 0.5, 0.7, AND 0.9 RADIUS FOR
TMB SC PROPELLER SERIES
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